We report the discovery of a highly luminous optical transient (OT), SDSS J124602.54+011318.8, associated with a galaxy at a redshift of 0.385. Although other explanations cannot be ruled out, the observational evidence suggests that the OT may be a GRB afterglow. Three sets of images and two sets of spectra were obtained as part of the normal operations of the Sloan Digital Sky Survey (SDSS). In the first two image sets, observed two nights apart, the object appears as a point source at r * ≈ 17. The third image set, observed about 410 days later, shows an extended source which was more than 2.5 magnitudes fainter. The spectra were observed about 400 and 670 days after the first two image sets, and both show an apparently normal galaxy at a redshift of 0.385. Associating the OT with the galaxy, the absolute magnitude was M r * = −23.8, which is over 4 magnitudes brighter than the most luminous supernova ever measured. The spectral energy distributions of the galaxy-subtracted OT derived from the first two image sets are well-fit by single power-laws with indices of β ν = −0.92 and −1.29 respectively, similar to most GRB afterglows. Based upon the luminosity of the OT, non-detections in contemporaneous ROTSE-I images, and the change in spectral slope, the OT, if an afterglow, was likely discovered early during a "plateau" or slowly-fading phase. The discovery of a GRB afterglow at this stage of the SDSS is consistent with expectations, but only if the optical emission is much less strongly beamed than the gamma-rays.
1. introduction All gamma-ray burst (GRB) afterglows discovered to date have been found by follow-up optical or radio imaging of satellite gamma-ray detection localizations. The optical follow-up observations have helped to identify GRB host galaxies, and to determine redshifts, spectral-energy distributions (SED), and decay rates for the optical counterparts. The GRB afterglows observed so far typically exhibit a power-law SED of about f ν ∝ ν −1 , and a luminosity time decay which is also usually well-fit by one or two power-laws with indices of −1.1 to −2.4. The lack of detections of optical GRB afterglows in supernova searches and other variable object surveys has placed constraints on the relative gamma-ray to optical beaming angles, and hence on the GRB rate and energy output (Rhoads 1997) .
The Sloan Digital Sky Survey (York et al. 2000 , SDSS) was not designed to search for GRB afterglows, or any other transient objects. The explicit use of the camera for such follow-up can only occur under rare favorable conditions (e.g., Lee et al. 2001) . However, many classes of 1 highly variable or transient objects have photometric colors which separate them from the locus of main sequence stars in the SDSS color space. Therefore such objects may, in principle, be targeted for spectroscopic follow-up in the SDSS (c.f. Vanden Berk et al. 2001b; Stoughton et al. 2001; Rhoads 2001; Krisciunas, Margon, & Szkody 1998) . We show here that at least one object with properties similar to known GRB afterglows has been detected in the SDSS imaging survey, with follow-up observations in the spectroscopic survey. If the object is indeed a GRB afterglow, then it is the first to be found entirely with optical methods.
observations and selection techniques
The SDSS is a project to image 10 4 deg 2 of sky centered roughly on the Northern Galactic Pole, in five broad photometric bands (u, g, r, i, z) , to a depth of r ∼ 23, and to obtain spectra for 10 6 galaxies and 10 5 quasars selected from the imaging survey. The observations are made with a dedicated 2.5 m telescope (Siegmund et al. 2001 ) equipped with a large mosaic CCD camera (Gunn, et al. 1998 ) and a pair of fiber-fed spectrographs (Uomoto et al. 2001) . Technical details of the survey data acquisition system and reduction are given by York et al. (2000) and Stoughton et al. (2001) .
Images are taken nearly simultaneously through 5 filters, ugriz, reduced with the SDSS photometric reduction pipeline PHOTO (Lupton et al. 2001) , and calibrated in the preliminary SDSS photometric system, u * g * r * i * z * , which may differ by at most a few percent from that described by Fukugita et al. (1996 ) (c.f. Stoughton et al. 2001 . Three sets of images each containing the coordinates of the optical transient were taken on 1999 March 20, 1999 March 22, and 2000 May 5, denoted by run numbers 745, 756, and 1462 respectively. The magnitudes and coordinates on each of the three nights are given in Table 1. A finder chart and comparison images from each night are shown in Figure 1 . The profiles of the object on the first two nights are consistent with the point spread function (PSF) of the images. The object has an r band half-light radius of 0.
′′ 79 in the third image set, and is extended relative to the PSF, indicative of a galaxy. The relative astrometric accuracy across runs is 0.
′′ 07 in both RA and DEC, and all three coordinates are consistent within this uncertainty.
The OT was selected for spectroscopic follow-up as a quasar candidate based upon color criteria and a FIRST radio source optical match, from the imaging data in run 756. Several types of transient or otherwise variable objects -including cataclysmic variables, supernovae, and GRB afterglows -may be selected by the quasar algorithms, since they occupy some of the same volume of color space in the SDSS filter system as quasars (Vanden Berk et al. 2001b; Rhoads 2001; Krisciunas, Margon, & Szkody 1998) . The OT was targeted on the SDSS spectroscopic plate number 291, and spectra were obtained on 2000 April 26 and 2001 January 19. The spectra were reduced and calibrated using the SDSS spectroscopic pipeline (Frieman et al. 2001) . The coadded spectrum is shown in Figure 2 , and reveals a galaxy at a redshift of z = 0.385.
The OT was discovered as part of a program to find supernovae and other highly variable objects in the SDSS dataset, details of which are given by Vanden Berk et al. (2001b) . Briefly, the flux-calibrated spectra are convolved with the SDSS g, r, and i filter transmission curves (the u and z bands are not fully covered by the spectra), including 1.2 airmasses of extinction and the CCD response function, to generate synthetic spectroscopic magnitudes. Spectroscopic targets which are significantly fainter in the spectra compared to the images are flagged as variable object candidates. Each candidate's spectrum and corresponding image are examined in order to identify the object type. The optical transient faded by ≈ 2.5 magnitudes in all three bands, and the normal galaxy spectrum made it a candidate supernova or GRB afterglow. The spectroscopic magnitudes are given in Table 1 .
results
We have generated spectral energy distributions (SEDs) for the OT in its bright phase by transforming the reddening-corrected (Schlegel, Finkbeiner, & Davis 1998) and galaxy-subtracted magnitudes into flux density values according to the AB ν system as described by Fukugita et al. (1996) . The SEDs of the OT light in runs 745 and 756 are shown in , and as much as 4 magnitudes brighter than the most luminous supernova ever discovered (SN 1997cy, Germany et al. (2000 ). The luminosity and SED rule out the identification of the OT as any known type of supernova.
Before discussing the implications of the GRB afterglow hypothesis, we consider other potential identifications. The OT is unlikely to be within the solar system as Earth reflex motion would cause an offset of greater than 0.
′′ 3 (3σ detection) between the g and r image positions for objects out to the Kuiper Belt . The only known types of variable stars that cannot be excluded based upon insufficient variability amplitude or non-matching colors and SEDs are some types of cataclysmic variables. We have examined 22 cataclysmic variables with SDSS photometry (Szkody et al. 2001; Krisciunas, Margon, & Szkody 1998) and find only 2 or 3 which are reasonably consistent with power-law SEDs. The remarkably close coincidence with a galaxy would have to be explained as a random alignment (for example, the probability of a random coordinate falling within 0.5 ′′ of a galaxy brighter than r * = 20.0 is ≈ 10 −4 ). There is also no evidence for the spectral signature of any type of Galactic variable star, nor any evidence for past variability in archival images (see below). Based upon these arguments, it is unlikely that the OT can be identified with any type of Galactic object.
Aside from GRB afterglows, the only known types of variable objects luminous enough to identify with the OT are quasars and other active galactic nuclei (AGN). The SEDs of AGN can often be approximated by power laws with indices β ν ∼ −0.5, and radio emission such as that associated with the galaxy can indicate AGN activity. The radio flux is high for a "normal" galaxy (Magliocchetti et al. 2000) , and would indicate a star formation rate of at least several thousand M ⊙ per year (Berger, Kulkarni, & Frail 2001) . The absence of a far-infrared detection in the IRAS catalogs (Beichman et al. 1988 ) also implies AGN activity rather than star formation as the source of radio emission (Condon 1992) . Therefore the galaxy probably harbors an AGN which is obscured, perhaps entirely, at optical wavelengths. However, the defining optical characteristics of an AGN -a non-stellar spectrum with strong broad emission lines -are not seen in the galaxy spectrum. The galaxy is also undetected in the ROSAT All Sky Survey (Voges et al. 1999) , which nearly precludes the identification of the galaxy as a blazar -a class of AGN which have been observed to vary by several magnitudes on timescales of months to years (e.g. Schramm et al. 1994; Webb et al. 1988 ). In addition, there is no evidence for past variability based upon images extracted from the Digitized Sky Survey 18 of photographic plates observed in 1956, 1979, 1990, and 1991 . The coordinates set the location of the OT at 0.5 ± 0.5kpc from the galaxy center, in line with known GRB afterglows (Bloom, Kulkarni, & Djorgovski 2000) . We argue, therefore, that although the galaxy may harbor an obscured AGN, the OT was not the result of normal AGN activity.
If the galaxy contains an AGN, an intriguing possibility for the OT is that of a tidally disrupted star near a supermassive black hole (Rees 1988) , which may cause a bright relatively short-lived flare. However, estimates of the spectral signature of such events predict either thermal emission from the accretion disk at ∼ 10 5 K (Ulmer 1999), which would be too blue to match the OT, or reprocessing of the radiation by tidal debris at ∼ 10 4 K lasting at least several years (Loeb & Ulmer 1997), which also would not match the observed properties of the OT. In addition, any flare associated with an obscured AGN would still have to overcome the optical obscuration. While we find the evidence for an AGN less consistent than for a GRB afterglow, we cannot completely rule out the possibility that the OT is some kind of extreme AGN. Further observations such as higher signal-to-noise ratio spectra, high resolution radio mapping, and especially long-term optical monitoring (AGN activity may reoccur while an afterglow will not) would place further constraints on either the afterglow or AGN hypothesis.
If the OT is a GRB afterglow, then the properties of its presumed host galaxy are of interest. The absolute magnitude of the galaxy (in run 1462) at z = 0.385 is M r * = −21.4 -slightly brighter than an L * galaxy in the SDSS photometric system (Blanton et al. 2001) , and near the median value for GRB host galaxies (Djorgovski et al. 2001) . Based upon the possible detection of narrow [O ii]λ5007 and H α emission lines, we estimate the star formation rate to be SF R ≈ 1M ⊙ yr −1 , (Kennicutt 1998) , which is well within the range observed for GRB hosts (Djorgovski et al. 2001 ). The galaxy is coincident with a radio source detected in the FIRST survey (Becker, White, & Helfand 1995) with integrated flux S = 79.4 mJy at 1.4 GHz, and the PMN survey (Griffith, Wright, Burke, & Ekers 1995) with S = 51 mJy at 4.9 GHz. We argued above that the radio flux is most likely due to an AGN which is heavily obscured at optical wavelengths. The star formation rate is therefore probably better measured by the emission line flux (which could yield a lower limit due to extinction). Except for the high radio flux, the intrinsic galaxy properties are quite similar to those of GRB afterglow hosts discovered to date.
discussion
We reserve a detailed discussion of the theoretical implications of the OT and GRB hypothesis for a separate paper (Lamb et al. 2001 ). Here we consider some of the observational consequences. In two nights the spectral slope of the OT changed from −0.92 to −1.29, which is about a 7σ difference. The two slopes and the difference in the slopes do not change significantly when the u band magnitudes, which are the most uncertain, are excluded. The OT faded only modestly, if at all, at the longest wavelengths observed (i.e., in the z band). The modest decline rate can be explained by either a late phase (t ≫ 10 d) of a power-law flux time decay, or by an early "plateau" or slowly declining phase before the onset of a power-law decay, similar to that of GRB 970508 (Galama et al. 1998; Pedersen et al. 1998 ) and GRB 000301C (Masetti et al. 2000) . ROTSE-I archival images (Kehoe et al. 2001 ) from 50, 30, 10, and 4 days before and 1, 2, and 3 days after run 745 reveal no source to a limiting magnitude of r * ∼ 16.0 (∼ 15.0 for 8, 17, and 50 days later), casting doubt on the late phase scenario. The absolute magnitude of the OT is near the average value reached by fading afterglows in only a few days (Šimon, Hudec, Pizzichini, & Masetti 2001) . Additionally, a comparable change in spectral slope was observed for the afterglow of GRB 970508 during an early "plateau" phase (Galama et al. 1998 ). Thus, the OT was likely imaged in the SDSS initially during an early slowly varying stage. Based upon the standard ultrarelativistic external shock model of GRB afterglows, we estimate that the first image may have been taken at about 0.2d after the GRB (Lamb et al. 2001) .
The possible detection of a GRB afterglow in the first ≈ 1500 deg 2 of the SDSS favors strong gamma-ray beaming relative to the optical emission. We estimate the number of afterglows that should be seen thus far in the SDSS search by integrating the inferred GRB rate in the cosmological volume (Schmidt 2001) in which an afterglow would be detected, to z ≈ 0.5, which is the rough spectroscopic limit of L * galaxies by the SDSS. Using the inferred total GRB progenitor event rate of 250 Gpc −3 yr −1 at z = 0 ), a GRB rate proportional to the star formation rate, and assuming that GRB afterglows remain visible for about one week, the expected number of bursts observed in the 1500 deg 2 is ∼ 5f opt , where f opt is the fraction of the sky illuminated by the optical emission. Frail et al. find that the beaming fraction of the conical fireball producing the GRB is f γ ≈ 500 −1 . If the associated optical display is confined to the same jet, i.e. f opt = f γ , then the number of afterglow events expected in this SDSS volume is ∼ 10 −2 . Therefore, the observation of this event 18 The Digitized Sky Survey was produced at the Space Telescope Science Institute under U.S. Government grant NAG W-2166.
favors f opt ≫ f γ (and hence disfavors models such as that of Dalal, Griest, & Pruet (2001) ). The only relatively close trigger in the current BATSE archive 19 in the months prior to the SDSS imaging is GRB990308, which was identified with an afterglow more than 12 deg away (Schaefer et al. 1999) . There is no related IPN trigger, and the nearest Ulysses trigger is an unlocalized event on 1999 March 16. The lack of any clearly associated GRB is not surprising given the implied beaming fraction, and may suggest that the OT is a so-called "orphan afterglow."
conclusions
We have discovered an unusual transient object associated with a galaxy at redshift of z = 0.385. No known type of object is entirely consistent with the observations. The coincidence with an apparently normal galaxy, extreme variability, power-law SED, and high luminosity are suggestive of a GRB afterglow, although other explanations such as a highly unusual AGN are possible. If the object is indeed an afterglow, then the gamma-rays must be strongly beamed relative to the optical emission. Further observations of the galaxy or the discovery of additional transients with similar properties will help to clarify the nature of this unusual object.
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